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Abstract. This study presents the first detailed calcareous nannofossil assemblage data from the Late Creta-
ceous succession of the subsurface Aruma Basin, north Oman. The taxonomic description and documentation
of assemblage composition are based on extensive quantitative analysis of ditch cuttings and side-wall samples
from eight hydrocarbon exploration wells across north Oman. The samples studied from those wells cover the
Coniacian to earliest Maastrichtian deep marine shales and marls of the subsurface Fiqa Formation. These fine-
grained siliciclastic deposits often yield moderately to well-preserved nannofossil assemblages, especially in
the Campanian intervals. Consequently, diverse assemblages have been recorded from the Fiqa Formation, with
a total diversity of ∼ 200 species, including two new species, Staurolithites ormae sp. nov. and Chiastozygus
fahudensis sp. nov., which are illustrated and described. Extensive imaging of this diversity is provided here, as
are stratigraphic distributions of the main components from a key reference well in north Oman, W-4. Poorly
described groups such as Staurolithites are closely investigated and their utility for stratigraphic applications is
highlighted. Relative abundances of nannofossil taxa with strong palaeoenvironmental preferences have revealed
new insights into the palaeo-productivity of the basin. High-fertility species like Discorhabdus ignotus, Biscutum
constans and Zeugrhabdotus erectus show substantial variations in abundance throughout the Fiqa Formation,
reflecting long-term shifts in the productivity conditions of the basin. This is supported by abundance patterns
of Watznaueria barnesiae and Micula staurophora that show a broadly inverse correlation with the high-fertility
species. The Fiqa Formation represents a key regional seal unit for the Cretaceous hydrocarbon reservoirs of
Oman, as well as being a productive unit elsewhere in the Arabian Peninsula. Beyond the Aruma Basin of
Oman, this study will provide a key reference point for future biostratigraphic or palaeoenvironmental analyses
of the Late Cretaceous calcareous nannofossil assemblages across the Middle East and other southern Tethyan
areas.
1 Introduction
The Fiqa Formation sensu Hughes Clark (1988) and Forbes
et al. (2010) in the subsurface of northern Oman provides a
unique window into truly pelagic, Late Cretaceous ecosys-
tems of the Arabian Peninsula. Deposited through ∼ 15 Ma,
from the Coniacian to earliest Maastrichtian, it consists of
very thick sequences of marls and shales, interpreted as rep-
resenting deposition in a deep marine setting within a fore-
land basin developed in the north of Oman (Glennie et al.,
1974). These sediments often yield well-preserved and abun-
dant pelagic microfossils, including calcareous nannofossils,
that have great potential for environmental, evolutionary and
biostratigraphic studies. The Fiqa Formation and its equiva-
lents across the Arabian Peninsula are key regional seals for
Early to middle Cretaceous hydrocarbon reservoirs. These
units are also hydrocarbon productive in some localities.
The rich nannofossil recovery within the Fiqa Formation has
the potential to resolve some of the subsurface stratigraphic
complexities related to regional correlations within a thick
and homogeneous yet assumed diachronous lithology by
providing a higher-resolution correlation between different
hydrocarbon wells. Past unpublished industry studies have
touched on these applications, but generally have focused
on stratigraphically or spatially limited well-to-well correla-
tions (e.g. Lauer, 1973; Sissingh, 1974; Prins and Roersma,
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1983; Varol, 1996, 1997). None of these unpublished re-
ports describe the calcareous nannofossil assemblage com-
position, provide extensive images, or integrate their findings
into a regional or global context such as the globally applied
zonation schemes of Sissingh (1977), Perch-Nielsen (1985)
and Burnett (1998). Although substantial micropalaeonto-
logical analyses associated with hydrocarbon exploration ac-
tivity have also been undertaken in the region for more than
40 years, the vast majority of this work and data remains un-
published in industry reports.
The few available published studies of Late Cretaceous
calcareous nannofossils in the Middle East are limited to
biostratigraphic applications. This includes the biostrati-
graphic study of Coniacian–Maastrichtian chalky and marly
sequences of Lebanon by Müller et al. (2010) in which
they provided a brief description of the nannofossil mark-
ers used for biostratigraphic subdivision as part of a general
revision of the Cretaceous and Cenozoic stratigraphy of the
country. Other nannofossil biostratigraphic studies include
the late Campanian–Maastrichtian upper Mahara group of
Yemen (Al-Wosabi and Alaug, 2013), the late Santonian to
Maastrichtian Abu Roash and Khoman formations in the
northwestern desert of Egypt (Mandur, 2016), the Conia-
cian to Maastrichtian Themed and Sudr formations of Sinai,
Egypt (Faris and Abu Shama, 2006; Farouk and Faris, 2012),
and the late Campanian to early Maastrichtian Shiranish
Formation of NE Iraq (Farouk et al., 2018). In Iran, Late
Cretaceous nannofossil biostratigraphy has been studied by
several authors, but the most detailed studies are achieved
by Razmjooei et al. (2014), Foroughi et al. (2017) and
Razmjooei et al. (2018) for the Gurpi and Abtalkh formations
of south and north Iran, respectively, in which nannofossil
biozonations were developed for the studied sections. All of
these studies mostly focus on solving stratigraphic problems
like age constraint and hiatus recognition, whereas very little
information is published on assemblage composition, their
changes through time or their potential palaeoenvironmental
significance.
The Late Cretaceous epoch was one of the warmest pe-
riods with a global sea level that was 100± 50 m higher
than today (Miller et al., 2005). The sea level record of
Cramer et al. (2011) indicates a relatively high sea level
throughout the Coniacian to Maastrichtian with minor vari-
ations, like the increase in sea level during the Santonian
and sea level drop during the mid-Campanian, Campanian–
Maastrichtian boundary and toward the end Maastrichtian.
Global compilations of benthic foraminiferal oxygen-isotope
(δ18O) data by Friedrich et al. (2012) indicate conditions
of peak warmth close to the Cenomanian–Turonian bound-
ary, with warm, yet relatively cooler climates persisting into
the Coniacian and Santonian. In the early Campanian, ben-
thic foraminiferal δ18O compositions shift to more positive
values by over 1 ‰, indicating a significant (> 4 ◦C) cool-
ing of high-latitude oceans (Friedrich et al., 2012). The best
available long-term records of ocean surface temperatures
through this interval also indicate substantial cooling, of a
similar magnitude, through the Campanian (Linnert et al.,
2014b).
The Late Cretaceous is associated with an acme in calcare-
ous nannofossil diversity. The detailed record of Cretaceous
nannofossil diversification by Bown et al. (2004) shows a di-
versity peak after the Turonian that continued until the mid-
Maastrichtian before it began to decline toward the K–Pg
boundary. The highest diversity is recorded in the Campa-
nian, a time that is also marked by large coccolith size, a char-
acteristic feature that continued until the mid-Maastrichtian.
Compared to the Campanian diversification, the Coniacian
and Santonian are characterised by low diversity and a low
turnover rate (Burnett, 1998). Bown et al. (2004) suggest
that cooling within a greenhouse-mode climate system (e.g.
Campanian–early Maastrichtian cooler climates) may have
stimulated diversification via greater differentiation of the
photic zone environment, biogeographic partitioning and in-
creased numbers of endemic taxa at both low and high lat-
itudes. Keller (2008) also related the increased diversity of
microfossil and nannofossil groups during the Cretaceous
cooling periods to increased weathering, runoff, upwelling
and nutrient cycling, while more stable diversity is associated
with high sea levels during the warmest Cretaceous intervals
(e.g. Turonian–Santonian).
During the Late Cretaceous, deposition of the Fiqa For-
mation occurred on the northeastern margin of the African–
Arabian plate at an equatorial palaeolatitude in the eastern
Tethys. The detailed documentation of calcareous nannofos-
sil assemblages at this location thus also fills a gap between
the austral and western Tethys provinces. Given the quality of
preservation and stratigraphic continuity of nannofossil as-
semblages from the Fiqa Formation, they will be important
for future assessments of Late Cretaceous provincialism. The
temporal coverage provided by the Fiqa Formation, from the
Coniacian to earliest Maastrichtian, and the quality of preser-
vation of truly tropical calcareous nannofossil assemblages,
also has the potential to constrain patterns of tropical diver-
sity. Such data will help to address the question of whether
the continued rise in global diversity is primarily driven by
the diversification of mid- to high-latitude flora through the
Late Cretaceous.
This paper aims to address a number of the questions out-
lined above by providing the first detailed study of calcareous
nannofossil assemblages through the Late Cretaceous Fiqa
Formation. The excellent preservation within the formation
includes some rarely reported and poorly documented Late
Cretaceous taxa. The quality of this preservation provides
the basis for further application of these assemblages for
biostratigraphic and palaeoenvironmental interpretations. It
is the aim of this paper to provide a first overview of the tax-
onomy and broad patterns of calcareous nannofossil assem-
blage change through the Fiqa Formation. The paper will also
provide a key reference point for other studies of Late Cre-
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taceous nannofossil assemblages across the Middle East and
other southern Tethyan areas.
2 Depositional setting of the Fiqa Formation
In north Oman the carbonate platform that had developed on
a passive continental margin during the Early Cretaceous was
progressively flooded during Coniacian times, which resulted
in the deposition of extensive deep marine shales and marls
of the Fiqa Formation in a foreland basin setting (Glennie et
al., 1974) referred to as the Aruma Basin. This basin formed
as a result of crustal loading associated with over-thrusting
and emplacement of oceanic crust known as the Sumail ophi-
olite and other associated sheets onto the eastern margin of
the Arabian Peninsula (Bechennec et al., 1990). This oc-
curred as a result of a major compressional tectonic phase
associated with the closure of the Neotethys Ocean (Lippard
et al., 1986). The basin was deeper proximal to the thrusted
sheets in the north and west of Oman and shallowed toward
the southeast as seen from seismic and well data (Forbes et
al., 2010). Using the palaeolatitude calculator method of van
Hinsbergen et al. (2015), the basin was located at a tropical
palaeolatitude during the time of deposition, which is consis-
tent with regional palaeogeographic reconstructions (Fig. 1).
The subsurface Fiqa Formation is part of the Late Creta-
ceous Aruma Group of Oman and is widespread through-
out Oman, reaching a thickness of more than 1 km in the
northwest (Boote et al., 1990). It is separated into lower
shale-dominated facies like the Shargi Member and upper
carbonate-dominated facies like the Arada Member (Forbes
et al., 2010) (Fig. 2b). The formation is thicker and predomi-
nantly pelagic shale in the north, thinning and changing into
shallower marine facies to the south and southeast of Oman
(Forbes et al., 2010) (Fig. 2c). In the northern Oman moun-
tains (known as the Al-Hajar Mountains), the time equivalent
lithostratigraphic units to the subsurface Fiqa Formation are
the local, nearshore facies mapped as the Muti Formation,
Juweiza Formation and Qahlah Formation (Glennie et al.,
1974). These formations were deposited at the northern mar-
gins of the basin in close proximity to the advancing thrust
sheets (Robertson, 1987). The Juweiza and Qahlah forma-
tions are also referred to the subsurface clastic-dominated
intervals proximal to the Oman mountains (Fig. 2c). The
Fiqa Formation is chronostratigraphically correlated with the
Gurpi Formation southeast of the Zagros Mountains of Iran,
the Aruma Formation in Kuwait and Saudi Arabia, and the
Aruma Formation and the Fiqa Formation of the United Arab
Emirates (Ziegler, 2001) (Fig. 2a).
Some of the first published foraminiferal biostratigraphy
work assigned an age of Santonian to Campanian to the Fiqa
Formation (e.g. Glennie et al., 1974). The micropalaeonto-
logical facies have since been extensively studied for explo-
ration purposes, with the most recent age assignment of late
Coniacian to late Campanian based on the local planktonic
foraminiferal zonation schemes of Sikkema (1991), revised
by Osterloff et al. (2001) and Packer (2002). Micropalaeon-
tological analysis from northern Oman by Packer (2002) in-
dicates a neritic environment developed during the deposi-
tion of the Fiqa Formation within the early stages of foreland
basin development. It deepened into upper to middle bathyal
settings with rapid rates of sediment deposition during most
of the Santonian to middle Campanian. These deep marine
conditions were interrupted by several episodes of shallow-
ing of sea level. During most of the late Campanian to Maas-
trichtian, sea level continued to fall with a generally high-
energy, shallow marine environment developing over most
of north and interior Oman.
3 Material and methods
The study is based on the quantitative analysis of 230 subsur-
face samples provided by the Petroleum Development Oman
(PDO) from the Late Cretaceous Fiqa Formation. Samples
included ditch cuttings and side-wall cores from nine hy-
drocarbon exploration wells from north and central Oman
(Fig. 2a). Samples were prepared as simple smear slides fol-
lowing the standard technique of Bown and Young (1998).
The cascading count technique of Styzen (1997) is followed
using 100 fields of view. Species observation and descrip-
tion are based on light microscopy in cross-polarised and
phase-contrast light using a Zeiss Scope.A1 at 1250×magni-
fication and GXM-XPLPOLTEC-2 at 1000× magnification.
Digital images were captured with Q-imaging and GXCAM-
U3-5 cameras using QImaging and ToupLite software. All
of the samples have been used to identify and image taxa
and to understand the general patterns of assemblage change;
one reference section from north Oman, W-4, is used here
to provide a more detailed description of the changing nan-
nofossil assemblage composition observed through the Fiqa
Formation and its potential palaeoenvironmental and palaeo-
geographic applications. The total number of samples anal-
ysed from W-4 is 50. An additional 91 samples from W-4
are analysed for element concentrations using X-ray fluores-
cence (XRF). Samples are prepared as pressed pellets fol-
lowing the method of Takahashi (2015) and analysed using a
Bruker S8 TIGER WDXRF elemental analysis system. Cal-
cium weight percentage is presented in this study.
4 Results
4.1 Stratigraphic age
Based on calcareous nannofossil biostratigraphy (Zainab Al
Rawahi and Tom Dunkley Jones, unpublished data), the stud-
ied Fiqa successions span the late Coniacian to late Cam-
panian nannofossil Zones UC11 to UC16 and possibly the
earliest Maastrichtian UC17 nannofossil zone of the Bur-
nett (1998) scheme for the Tethyan realm (UCTP).
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Figure 1. Palaeoceanographic and tectonic reconstruction of Arabia showing the location of the Aruma Basin. Modified from Barrier and
Vrielynck (2008) with information from van Hinsbergen et al. (2015).
The recovered succession within W-4 is dated to lie within
the late Coniacian to early Campanian Zones UC11 to UC14
(Fig. 4). The identification of UC14 is based on the pres-
ence of Bukryaster hayi and base Broinsonia parca parca
at 111 m; that of UC12–13 is based on the observation of
base Broinsonia parca parca to top Lithastrinus septenarius
at 1280 m. UC11 is based on the top Lithastrinus septenarius
and the presence of Quadrum gartneri.
4.2 Preservation
Due to the susceptibility of coccoliths to dissolution and
overgrowth, the preservation of nannofossil in the study wells
can be variable across lithologies and with different burial
depths. Quantifying the quality of preservation through a
succession is important as variations may cause preserva-
tional bias on the resulting assemblage data (Thierstein,
1980; Roth, 1984). To describe the preservation, a general
preservation scale has been applied here, which is outlined
below.
– VG: very good – no evidence of dissolution and/or re-
crystallisation, no alteration of primary morphological
characteristics, and specimens identifiable to the species
level.
– G: good – little or no evidence of dissolution and/or
recrystallisation; primary morphological characteristics
unaltered or only slightly altered; specimens identifiable
to the species level.
– M: moderate – specimens exhibit some etching and/or
recrystallisation; primary morphological characteristics
somewhat altered; however, most specimens identifiable
to the species level.
– P: poor – specimens were severely etched or over-
grown; primary morphological characteristics largely
J. Micropalaeontology, 38, 25–54, 2019 www.j-micropalaeontol.net//38/25/2019/
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Figure 2. (a) Location of the study wells in a regional palaeofacies map of the Late Cretaceous (modified after Ziegler, 2001) showing the
deposition of the Fiqa Formation and its equivalents (Gurpi and Aruma formations): (1) outline of the foredeep part of the basin in north
Oman; (2) extent of the Aruma Basin in Oman. (b, c) Lithology, lithostratigraphy and chronostratigraphy of the Aruma Group in Oman
(adapted from Forbes et al., 2010).
destroyed; fragmentation has occurred; specimens of-
ten could not be identified at the species and/or generic
level.
Based on a visual inspection of etching and overgrowth the
preservation is very good to good in the soft, grey shale lay-
ers of the Shargi Member and in the soft, grey marl layers
of the Arada Member. The quality of preservation decreases
to moderate as the amount of coarser clastic input increases
up-hole in well sections, for example in the silty and sandy
grey shale horizons of the Shargi Member. Intervals of highly
compacted shale within the lower Shargi Member are some-
times present and have moderate to poorly preserved nanno-
fossil assemblages with indications of dissolution and over-
growth. A further reduction of preservation is recorded in the
carbonate-rich, white chalk and argillaceous limestone lay-
ers of the Arada Member, where nannofossil recovery is very
poor.
In the well-preserved nannofossil assemblages of the
Campanian and late Santonian intervals, the assemblages
are characterised by the common presence of coccospheres
(e.g. Plate 7, fig. 37; Plate 8, fig. 10, Plate 11, fig. 36) and
consistent occurrence of holococcoliths such as Bilapillus,
Munarinus, Octolithus, Ottavianus, Russellia and Nichola-
sia (Plates 8–9). The presence of such a diversity of holo-
coccolith species is indicative of excellent preservation with
minimal taphonomic or diagenetic dissolution (e.g. Roth and
Bowdler, 1981; Roth, 1984). These intervals are also charac-
terised by the abundance of small placolith species, such as
Biscutum constans (Plate 7, figs. 25–27) and Discorhabdus
ignotus (Plate 7, figs. 35–37), and murolith coccoliths like
Corollithion species (Plate 7, figs. 11–14) and small Zeu-
grhabdotus species (Plate 2, figs. 26–42; Plate 3, figs. 1–
21). Moreover, fine central area structures such as cross-
bars, plates and perforations are preserved in many species;
this includes, for example, the case of Broinsonia verecun-
dia (Plate 1, figs. 22–28) and Helicolithus blairiae (Plate 6,
figs. 33–42), for which fine central area structures are ob-
served that are not seen either in the holotype or paratype
specimens. Well-preserved larger taxa are characterised by
the presence of fine central area structures, as observed in the
plate perforations of Arkhangelskiella cymbiformis (Plate 1,
figs. 3–4). Generally, the quality of nannofossil preservation
decreases slightly and assemblages are reduced in diversity
and abundance down-hole toward the Coniacian intervals.
4.3 Species richness
Across the study wells, highly diverse assemblages (>
70 species per sample) are present within the Campanian
intervals. Species richness is only slightly lower in the
early Maastrichtian, with lower diversities of holococcol-
iths, Stauorolithites and Broinsonia and an absence of Corol-
lithion and Ahmuellerella, and during the Santonian and early
Coniacian intervals with a peak of 40–55 species per sam-
ple in the shale and grey marl intervals. Such high diversity
compares favourably with the global diversity estimates of
Bown et al. (2004) for the Late Cretaceous. In W-4 (Fig. 3),
the highest species richness is present in the outer shelf set-
www.j-micropalaeontol.net//38/25/2019/ J. Micropalaeontology, 38, 25–54, 2019
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tings (as defined by the microfaunal associations, PDO data),
rather than in shallower shelf or deeper oceanic settings
which are characterised by reduced abundances and species
richness. These intervals are also correlated with increased
calcium carbonate content (Ca> 10 wt %) (Fig. 3).
In general, the overall average diversity is around
40 species per sample, which changes only slightly depend-
ing on nannofossil preservation and the loss of smaller and
solution-sensitive taxa. This might reflect a general stabil-
ity in the depositional environment. Even though the species
richness does not change dramatically, the assemblages are
continuously fluctuating in composition, which is not re-
flected in the nearly homogeneous lithology of the formation.
The main trends of the assemblage fluctuations are discussed
below.
4.4 Assemblage composition
4.4.1 General assemblage composition
Throughout the Fiqa Formation in the study wells, calcare-
ous nannofossil assemblages are characterised by high abun-
dances of the placolith coccoliths Watznaueria barnesiae
and Prediscosphaera cretacea with an average abundance of
20 %–25 %, whilst peak abundances can range up to 60 %–
64 %. Prediscosphaera species (Plate 8, figs. 2–6, 12) are
dominated by P. cretacea and P. grandis, with less common
taxa including P. spinosa, P. bukryi and P. stoveri. Watznaue-
ria barnesiae (Plate 8, figs. 9–10) is dominant, with minor
contributions from other species (Plate 8, figs. 11, 13–16,
18–19) including W. bayacki, W. quadriradiata and W. ovata,
which occur more frequently in the upper parts of early Cam-
panian intervals. Watznaueria fossacincta and W. biporta are
very rare and sporadic. Other frequently occurring species
include the placolith coccoliths Cribrosphaerella ehrenbergii
(Plate 7, figs. 20–22), Biscutum constans (Plate 7, figs. 25–
27) and Discorhabdus ignotus (Plate 7, figs. 35–37) and the
murolith coccoliths Eiffellithus (Plate 5, figs. 2–42; Plate 6,
figs. 1–9), Corollithion (Plate 7, figs. 11–14), Zeugrhabdo-
tus (Plate 2, figs. 26–42; Plate 3, figs. 1–21) and Trano-
lithus (Plate 2, figs. 14–25). Common nannoliths include
Micula staurophora (Plate 11, figs. 14–20). Cylindralithus
biarcus, Manivitella pemmatoidea, Loxolithus armilla and
Ahmuellerella octoradiata are also common and show a con-
sistent presence throughout the formation. The dominance
of these taxa is typical for Late Cretaceous Tethyan assem-
blages (e.g. Wagreich, 1992; Lees, 2007). The assemblage
patterns of the main genera from W-4 are represented in
Fig. 4. It is considered as an example well from north Oman
with the most continuously sampled interval of the Fiqa For-
mation, covering the Coniacian to early Campanian. The
changing patterns of the main groups and their composition
in W-4 are described below.
Cribrosphaerella ehrenbergii is common and consistently
present with peaks in abundance of around 10 % (Fig. 4). The
rim can have irregular or elliptical outlines. However, these
rim outlines are very rare and encountered only in the more
abundant and well-preserved samples. Corollithion is an-
other common genus that can contribute to more than a third
of the total assemblage during the early Campanian (Fig. 7).
This genus is represented by common C. signum, less abun-
dant C. exiguum and rare occurrences of C. kennedyi. Zeu-
grhabdotus species represent a consistent component of the
assemblage throughout the section with an average abun-
dance of 3 % of the total assemblage (Fig. 4). The most
common species include Z. diplogrammus, Z. erectus, Z. bi-
crescenticus and Z. clarus. Rare occurrences of Z. cf. xeno-
tus, Z. trivectis, Z. sigmoides, Z. scutula, Z. praesigmoides,
Z. noeliae, Z. howei, Z. embergeri and Z. acanthus have
been recorded sporadically in the formation. Zeugrhabdo-
tus biperforatus and Z. noeliae, which are important mark-
ers in the UC global zonation scheme of Burnett (1998), are
very rare with inconsistent occurrences in this section. These
low abundances make determining their biostratigraphically
important first and last occurrences difficult. Tranolithus
species (Fig. 4), represented mainly by T. orionatus (< 1 %
to 16 %) and T. minimus (< 1 % to 4 %), are a very important
component of the assemblage throughout the Fiqa Forma-
tion, although T. gabalus is rare and sporadic. Micula species
(Plate 11, figs. 41–29) are common and mainly represented
by M. staurophora, which is highly abundant in several inter-
vals and increases in abundance from < 1 % to 14 % of the
total assemblage during the early Campanian (Fig. 7). Reta-
capsa species (Plate 7, figs. 39–42) are consistently present
throughout the Fiqa Formation, with R. angustiforata being
the most dominant, followed by R. crenulata and R. surirella,
whilst R. schizobrachiata and R. ficula are rare. There is
an important and continuous abundance peak in Retacapsa,
which increases from 3 % to 14 %, toward the upper parts of
early Campanian intervals (Fig. 4). Gartnerago, mainly rep-
resented by G. segmentatum and G. obliquum, is another con-
sistent component of the assemblages that fluctuates in abun-
dance from 0.1 % to∼ 3 %. Gartnerago praeobliquum is less
common, although smaller and very rare morphotypes G. cf.
ponticula and G. cf. praeobliquum are present. Rhagodis-
cus species of R. angustus, R. splendens and R. reniformis
are present throughout the Fiqa Formation but make up
only about 1 % of the total assemblage. Placozygus (Plate 2,
figs. 7–10) is observed with a generally low abundance but
with consistent occurrences and is mainly represented by P.
spiralis, with rare occurrences of P. fibuliformis. Calciosole-
nia fossilis (Plate 8, fig. 17) is very rare but found sporadi-
cally in many intervals. Holococcoliths (Fig. 4) are diverse
and represented by common genera of Calculites (Plate 8,
figs. 26–41), Lucianorhabdus (Plate 9, figs. 3–9) and Owenia
(Plate 9, fig. 10), as well as rarer genera (Plate 9, figs. 11–41)
of Bilapillus, Munarinus, Octolithus, Ottavianus, Russellia,
Duocameratus and Nicholasia.
Characteristic features of the late Campanian to early
Maastrichtian intervals of the Fiqa Formation that are not
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Figure 3. Nannofossil abundance and diversity in the Fiqa Fm. compared to Ca wt % and palaeo-depth, W-4.
encountered in W-4 but in W-7 and W-8 include the more
frequent occurrence of Helicolithus (Plate 6, figs. 10–42)
and Uniplanarius (Plate 11, figs. 4–10) species. Helicolithus
species are diverse, consistently present and dominated by H.
compactus and H. trabeculatus. The abundance of Unipla-
narius species – U. sissinghii, U. gothicus and U. trifidus –
is generally very low, but this gradually increases toward the
latest Campanian and early Maastrichtian intervals, reaching
2 % of the total assemblages in W-8. In W-4, Uniplanarius
species are absent and Helicolithus species are represented
by H. leckiei that is found sporadically throughout the for-
mation and H. blairiae that is consistently present during
most of the Santonian and Coniacian intervals. The top of
H. blairiae within the Santonian could be of biostratigraphic
significance in the area.
The overall assemblage composition and characteristics
are similar to the Late Cretaceous Tanzanian assemblages
studied by Lees (2007). This includes the identification of
several of the new heterococcolith species described from the
Tanzanian Drilling Project materials like Eiffellithus lindien-
sis (Plate 5, figs. 12–15), Staurolithites halfanii, S. handleyi
(Plate 4, figs. 1–4), S. ngurumahambaensis (Plate 4, figs. 19–
22) and the holococcolith species Bilapillus wadeae (Plate 9,
figs. 14–15), Calculites cyclops (Plate 8, figs. 34–41) and
Duocameratus leariae (Plate 9, figs. 38–39). Assemblages
are also similar to the Tanzanian assemblages in the frequent
occurrence of holococcoliths and very small (< 3 µm) taxa.
A full list of the taxa present in the analysed samples is avail-
able in the Supplement.
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Figure 4. Abundance distribution patterns of the main components in the nannofossil assemblages, W-4.
4.4.2 Notes on the taxonomy and assemblage
composition of the common Late Cretaceous
genera in the Fiqa Formation
Arkhangelskiella. Occurrences of the genus Arkhangelskiella
are sporadic in most intervals, with generally low abun-
dances. This group has been widely studied due to its high
variability in coccolith size and its possible evolutionary
(e.g. Varol, 1989; Thibault, 2010) and palaeoenvironmental
(e.g. Linnert and Mutterlose, 2009a) significance. Arkhangel-
skiella cymbiformis, for instance, has been subdivided into
several morphogroups based on coccolith size and rim width
(e.g. Varol, 1989; Thibault, 2010). In this study, however,
due to the relative rarity of this genus, the group is subdi-
vided into three main species following the definition of Bur-
nett (1997). Arkhangelskiella cymbiformis (Plate 1, figs. 3–
4) includes all large species (> 8 µm) with relatively narrow
rims (< 1 µm), whilst all smaller forms are included within
A. confusa (Plate 1, figs. 1–2). All large forms with a thick
rim (> 1.5 µm) are included into A. maastrichtiensis (Plate 1,
figs. 5–6).
There is one exceptional interval during which this group
becomes very common in the few latest Campanian to
early Maastrichtian samples from W-8, for which specimens
show great variation in coccolith size and rim width (e.g.
Plate 1, figs. 5–6). Hence, the morphometric subdivision of
Varol (1989) and Thibault (2010) could be potentially ap-
plied only in these intervals. These samples are the only ones
in which Arkhangelskiella maastrichtiensis, which has a very
thick rim relative to A. cymbiformis and A. confusa, has been
recorded. The observed specimens of A. maastrichtiensis,
however, show great size variations and could be equivalent
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to the morphogroups A. cymbiformis var. N (small), A. cymb-
iformis var. W (medium) and A. cymbiformis var. SW (large)
of Thibault (2010). Although these distinctions have poten-
tial for future morphometric application, this subdivision is
not followed here as it is beyond the scope of this study and
only few samples exhibited such variation.
Broinsonia. Species of the genus Broinsonia represent one
of the most significant groups within the Fiqa Formation
(Fig. 4), with several species that either evolved and/or go
extinct within the studied succession. Four main species of
Broinsonia – B. signata, B. enormis, B. parca and B. vere-
cundia (Plate 1, figs. 7–28) – have been identified and we fol-
low the taxonomy of Linnert et al. (2014a) and Wise (1983).
In their biometric study, Linnert et al. (2014a) grouped all
specimens with a cross-shaped central area structure into
B. signata and all medium-sized specimens with a plate-
like central structure into B. enormis. In the studied succes-
sion, B. signata is consistent throughout the late Coniacian
to early Campanian intervals, before its abundance gradu-
ally decreases and it eventually disappears in the latest Cam-
panian. Broinsonia verecundia has lower abundances but is
consistently present throughout the Campanian. Therefore,
the top of B. signata and top and base of B. verecundia could
be of potential stratigraphic significance in the area if corre-
lated with existing global zonation schemes of nannofossils,
i.e. the UC scheme (Burnett, 1998) and CC scheme (Siss-
ingh, 1977; modified by Perch-Nielsen, 1985). Subspecies
of B. parca also exist and are separated based on the clas-
sification of Wise (1983) into B. parca parca (plate width
is 1–2× of the margin width; Plate 1, figs. 7–8) and B.
parca constricta (plate width is < 1× of the margin width;
Plate 1, figs. 9–10). B. parca expansa (plate width is > 2×
of the margin width) is absent in almost all samples. In this
study, bases of the subspecies of B. parca parca and B. parca
constricta have been recorded within the early Campanian,
which agrees with the UC global zonation scheme of Bur-
nett (1998).
Eiffellithus. Species of Eiffellithus represent a consistent
component of the assemblage throughout the Fiqa Forma-
tion contributing 2 %–8 % up to 20 % of the total abun-
dance (Fig. 4). An influx and diversification of Eiffellithus are
recorded within the Campanian of the section, including E.
gorkae, E. turriseiffelii, E. parallelus, E. collis, E. angustus,
E. perch-nielseniae, E. phantasma, E. nudus and E. lindiensis
(Plate 5, figs. 2–42; Plate 6, figs. 1–9). The detailed subdivi-
sion of Eiffellithus species by Shamrock and Watkins (2009)
is followed here in order to evaluate the potential significance
of the genus for biozonation schemes. The species are as-
signed to two main groups based on the orientation of the
cross-bars relative to the longitudinal axis of the coccolith: a
group with axial crosses and a group with diagonal crosses.
In the Fiqa Formation, medium to small species of diagonal-
cross forms like E. gorkae, E. casulus, E. parallelus and E.
collis are more abundant than the larger species E. turriseif-
felii and E. keio. Eiffellithus parallelus, E. turriseiffelii and
E. keio have distinctive cross-bars and could be easily dif-
ferentiated; however, the smaller forms of E. gorkae, E. ca-
sulus and E. collis are tricky to separate. Eiffellithus collis
is the smallest (≤ 4 µm) with a distinctive elongate outline
(Plate 6, figs. 4–9). Eiffellithus casulus has a very similar coc-
colith morphology to E. turriseiffelii but is smaller (≤ 8 µm)
(Plate 5, figs. 39–42). It is differentiated from E. gorkae by
the constricted cross of the latter compared to the longer and
more pointed cross of E. casulus. Species with intermediate
orientation of the central cross (20–44◦ orientation from the
axial position, Shamrock and Watkins, 2009) like E. phan-
tasma and E. perch-nielseniae are least abundant and are
grouped into the diagonal-cross forms.
The main factor used to differentiate between the axial-
cross species is the size. Eiffellithus angustus is the largest
and most bifurcate species with a size of ≥ 14 µm (Plate 5,
figs. 2–5). Eiffellithus eximius is less furcate with a size of
≥ 8 µm (Plate 5, figs. 6–9). Eiffellithus nudus lacks distal bi-
furcation and is ≤ 7 µm (Plate 5, figs. 10–11). It is also char-
acterised by slightly oriented cross-bars within 20◦ of the
longitudinal axis, a feature that distinguishes it from other
small axial-cross forms like E. lindiensis. In this study, all
recorded E. lindiensis show an axially aligned cross with a
size of< 4 µm (Plate 5, figs. 12–15). Unlike other axial-cross
forms, E. lindiensis is mostly present in the late Campanian
to early Maastrichtian intervals.
Eiffellithus species with diagonal-cross forms are gener-
ally more common than the axial-cross forms in most inter-
vals. The ratio between diagonal-cross and axial-cross forms
is plotted in Fig. 4. It shows the dominance of axial-cross
forms during the Coniacian and Santonian, which is mainly
contributed by E. eximius (10 %–20 % of the total assem-
blage), followed by the dominance of diagonal-cross forms
throughout most of the early Campanian.
Chiastozygus. Representatives of the genus Chiastozygus
are typically low in abundance, generally < 3 % of the to-
tal assemblage, but are consistently present throughout the
Fiqa Formation, with minor peaks in the Campanian (Fig. 4).
The most common species are C. synquadriperforatus and C.
amphipons with sporadic occurrences of other species such
as C. bifarius, C. trabalis and C. litterarius (Plate 4, figs. 28–
41). This genus is characterised by a simple rim and diag-
onal cross-bars, with species typically distinguished by the
number of rim cycles (unicyclic vs. bicyclic) and the cross-
bar appearance (complexity and interference). Differentia-
tion of Chiastozygus species can be difficult in the light mi-
croscope; the main distinguishing features are illustrated in
Fig. 5. Species with unicyclic rims include C. amphipons,
C. bifarius and C. litterarius. Chiastozygus amphipons has a
relatively dark rim with very simple cross (Plate 4, figs. 28–
29) similar to C. bifarius, but the latter is distinguished by
a bright, birefringent cross (Plate 4, figs. 30–32). Chiastozy-
gus litterarius can be distinguished from other unicyclic-rim
species by the thick rim and a cross that is weakly birefrin-
gent (Plate 4, figs. 33–35). Chiastozygus trabalis could be
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Figure 5. Characteristic features of the main species of Staurolithites and Chiastozygus under the light microscope compared to the new
species C. fahudensis sp. nov. and S. ormae sp. nov.
easily identified by its bicyclic rim with a bright inner cycle
and a complex cross (Plate 4, figs. 37–38). Chiastozygus syn-
quadriperforatus is characterised by a smaller size than most
of the other species and cross-bars with different sizes, with
one bar being longer than the other (Plate 4, fig. 36). The new
species, Chiastozygus fahudensis sp. nov., has a distinctive
bright cross with a rosette-shaped central feature and indis-
tinct rim (Plate 4, figs. 39–41). It occurs consistently through-
out the section. A detailed description of the species is found
within the systematic palaeontology section.
Staurolithites. Staurolithites species are found in Conia-
cian to Campanian samples but occur more frequently in the
Campanian with an average abundance of ∼ 4 % (Fig. 4).
Representatives of this genus are characterised by a simple
central axial cross, with species distinguished by their rim
morphology (unicyclic vs. bicyclic) and the appearance of
the central cross-bars. According to Perch-Nielsen (1985),
there are many more species described in the original de-
scription of the group by Grun and Zweili (1980) than can
be distinguished in the light microscope. Due to their lim-
ited stratigraphical significance, there are few studies that
further discuss this group with species descriptions mostly
based on scanning electron microscope images. This make
species of Staurolithites difficult to separate under light mi-
croscope. The main distinguishing features under the light
microscope for the most dominant species are illustrated in
Fig. 5 and highlighted below.
Staurolithites crux is simply constructed with a unicyclic
narrow rim and wide central area spanned by a simple cross
(Plate 3, figs. 28–29). Staurolithites dorfii is narrowly ellipti-
cal, with a bicyclic rim. It has a distinctively bright cross and
inner rim cycle (Plate 3, figs. 30–34). Staurolithites ellipti-
cus is broadly elliptical with a thick cross that fills most of
the central area (Plate 3, fig. 37). Staurolithites flavus is uni-
cyclic and could be easily distinguished by its highly bire-
fringent cross (Plate 3, figs. 35–36). Staurolithites imbrica-
tus is characterised by its birefringent, bicyclic rim (Plate 3,
figs. 38–40). The new species, Staurolithites ormae sp. nov.,
is characterised by its small size and bright, bicyclic rim.
The central area is filled by a thick, birefringent cross that
is slightly offset from the axial position (Plate 4, figs. 9–16).
A detailed description of this species is found in the system-
atic palaeontology section.
5 Discussion
Through the Fiqa Formation, nannofossil assemblages show
some distinct variations in species compositions. These vari-
ations are recorded in a lithology that is almost homoge-
neous. In this paper we focus on these nannofossil assem-
blage changes across the Fiqa Formation recovered from well
W-4. In this section, the most distinct abundance changes are
discussed and compared to previous studies of Late Creta-
ceous nannofossil environmental preferences and responses
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to environmental change. The new data presented here pro-
vide important information on the palaeoenvironments of the
Aruma Basin and help constrain the biogeographic distribu-
tion of key Cretaceous species.
5.1 Palaeobiogeographic significance
Here we investigate the abundances, within the Fiqa Forma-
tion, of Late Cretaceous taxa with known strong latitudinal
controls on their biogeographic distributions (Fig. 6). Species
that dominate nannofossil assemblages of the Fiqa Formation
(Sect. 4.4.1) are generally typical of tropical Late Cretaceous
Tethyan assemblages (e.g. Wagreich, 1992; Lees, 2007). For
instance, relative abundances of W. barnesiae, in some in-
tervals reaching more than 30 %, is similar to latest Campa-
nian assemblages from Blake Nose (DSDP Site 390A; Lin-
nert and Mutterlose, 2009b) and the Indian Ocean sites of
Lees (2002). The other dominant group is made up of the cos-
mopolitan species of Prediscosphaera (Roth and Bowdler,
1981), which are present throughout the succession. The cos-
mopolitan species Cretarhabdus and Retecapsa (Roth and
Bowdler, 1981), however, have generally low abundances,
with Retecapsa becoming more frequent only within the
early Campanian (Fig. 4). Discorhabdus ignotus is found to
be common in the austral to temperate palaeobiogeographic
zones of Lees (2002) but is also common to abundant in this
tropical site (Fig. 6b). In the North Atlantic, D. ignotusis
is relatively common in assemblages from the low-latitude
Blake Nose (e.g. DSDP Site 390A; Linnert and Mutterlose,
2009b), but less abundant in samples from the Goban Spur
(DSDP Site 549; Linnert et al., 2011) and North Sea area
(e.g. Linnert et al., 2016). The consistent occurrence of Pro-
latipatella multicarinata in this study further supports its sta-
tus as a tropical taxon (Lees, 2002, 2007). The relative rar-
ity of Campanian Lucianorhabdus and Calculites obscurus
within the Fiqa Formation assemblages compared to most
Late Cretaceous successions, especially from high-latitude
provinces (e.g. Thierstein, 1976; Wind, 1979; Lees, 2002),
is also consistent with the observation of Lees (2007) that
these are not tropical taxa. The observations of this study
support the rare to absent status of the common and previ-
ously described higher-latitude, cooler-water taxa (Fig. 6a).
The cool-water Repagulum parvidentatum (e.g. Wise, 1983,
1988; Crux, 1991; Street and Bown, 2000; Lees, 2002) is,
as expected, absent from the assemblages of this study.
Other higher-latitude species that are either absent or rare in
the Fiqa Formation include the rare Ahmuellerella octoradi-
ata and Gartnerago segmentatum (Wind, 1979; Thierstein,
1981), the extremely rare Kamptnerius magnificus, Rein-
hardtites anthophorus and Reinhardtites levis, and the ab-
sent Nephrolithus frequens (Lees, 2002), Seribiscutum prim-
itivum (e.g. Roth and Bowdler, 1981; Crux, 1991; Street
and Bown, 2000; Lees, 2002) and Crucibiscutum. The typ-
ically high-latitude species Arkhangelskiella cymbiformis
(e.g. Wind, 1979; Thierstein, 1981) is very rare in the study
area. The same is true for B. parca expansa, which is rarely
recorded from the tropical palaeobiogeographic zone (Lees,
2002) and is absent from almost all samples from the Fiqa
Formation. Marthasterites furcatus is commonly found in
the austral palaeobiogeographic zone of Lees (2002) and is
present in both the temperate and tropical zones; in the Fiqa
Formation, M. furcatus is extremely rare. Ahmuellerella oc-
toradiata, which was used by Lees (2002) as an indicator
of cooling of surface water masses in the Late Cretaceous
low-latitude oceans, shows two main peaks through the Fiqa
Formation (Fig. 4). These peaks are usually correlated with
increased abundances of Lithastrinus grillii (Fig. 4), which
is also considered a potential temperate, “cooler” shelf taxon
by Lees (2002). Helicolithus blairiae, which showed a poten-
tially limited palaeogeographic range to the Western Interior
Seaway of North America (Kita et al., 2016), is present in the
Fiqa Formation. This observation provides a new insight into
the geographical distribution of this rare Santonian species.
5.2 Palaeoenvironmental significance
Variation in nannofossil abundances and assemblage com-
position often reflects changes in the palaeoenvironmental
conditions of ocean surface waters like nutrient supply, detri-
tal input and surface water salinity (Mutterlose et al., 2005).
One of the strongest assemblage changes recorded in W-
4 is an interval of very low Watznaueria barnesiae abun-
dances within the early Campanian. This event occurs within
a wider succession that hosts well-preserved and abundant
nannofossil assemblages. Watznaueria barnesiae is one of
the most robust nannofossil species of the Mesozoic and
is often one of the few morphologies remaining in assem-
blages that have been subject to substantial dissolution (e.g.
Roth and Bowdler, 1981). The dominance of W. barnesiae in
Mesozoic nannofossil assemblages across a range of preser-
vation states and locations, however, shows the wide ecolog-
ical tolerance and biogeographic distribution of this species.
The extent of this ecological range is illustrated in a study of
Late Jurassic coccolith-rich laminae, which are interpreted
to represent annual or seasonal blooms (Lees et al., 2006).
Laminae with near mono-specific assemblages of W. barne-
siae clearly show an ecological tolerance of this species to
unusual conditions in the restricted Wessex Basin that ex-
clude other taxa. This evidence suggests the need for cau-
tion when interpreting the relative abundance of W. banesiae
as a palaeoenvironmental proxy, as this may reflect the rela-
tive increase or decrease in the abundance of other species,
rather than a direct response of W. barnesiae to environmen-
tal change (Lees et al., 2005). It is, however, hard to explain
the intervals of low W. barnesiae abundance in this record
by simple dilution by other taxa, as it is actually dominant in
intervals with the most diverse assemblages (see species rich-
ness, Fig. 4). Instead lower W. barnesiae abundances strongly
correlate with more neritic conditions as independently de-
termined from benthic microfossil assemblages (Fig. 7). The
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Figure 6. Distribution of selected (a) high-latitude and (b) tropical taxa compared to their status in the study area. Abundance data from
(1) Lees and Bown (2005); (2) this study; (3) Lees (2002); (4) Therisin (1981); (5) Lees (2007). Palaeobiogeographic zones from Lees (2002)
and Lees and Bown (2005). 75 Ma reconstruction map adapted from the PALEOMAP project (http://www.odsn.de/odsn/services/paleomap/
paleomap.html, last access: July 2018).
interval of low Watznaueria barnesiae is also characterised
by elevated abundances of Biscutum constans and Zeugrhab-
dotus erectus with peaks of Discorhabdus ignotus and Corol-
lithion signum. It succeeds an interval of elevated abundance
of Micula staurophora. This interval is also correlated with
a high abundance of Prediscosphaera cretacea, with a W.
barnesiae to P. cretacea ratio falling from > 0.5 to < 0.2
(Fig. 7). As noted above, these intervals of low and extremely
low W. barnesiae within the Fiqa Formation occur where
microfossil association data (unpublished PDO microfossil
data) indicate a shallower shelf environment (Fig. 7). This
shallower setting is also supported by the consistent presence
of “nearshore” and continental margin taxa such as Broin-
sonia spp. (Roth and Bowdler, 1981), Nannoconus spp. and
Braarudosphaera spp. (Roth and Bowdler, 1981; Wyton and
Bown, 2007). This link between low Watznaueria abundance
and the development of neritic conditions is compelling, with
Watznaueria abundance always high in intervals of increased
water depth in the formation, which agrees with Atlantic
shelf-to-ocean transects from the mid-Cretaceous (Roth and
Bowdler, 1981). However, intervals of relatively reduced wa-
ter depths are not always marked by lower abundances of W.
barnesiae. For example, the W. barnesiae to P. cretacea ra-
tio still fluctuates within the shallow water intervals and can
reach 0.5 and rarely up to 0.8. In the Indian Ocean, W. barne-
siae has been previously found to be abundant in both shelf
and open-ocean locations in Lees (2002). Together this in-
dicates that the dominant control on the W. barnesiae to P.
cretacea ratio is not water depth per se, but rather other en-
vironmental factors, such as temperature (e.g. Bukry, 1973;
Thierstein, 1981; Roth and Bowdler, 1981; Thierstein, 1981;
Shafik, 1990; Watkins et al., 1996; Lees, 2002) and nutrient
status (e.g. Erba et al., 1992; Williams and Bralower, 1995;
Fisher and Hay, 1999), which are often coupled to relative
water depth but can vary independently. Even though the in-
fluence of temperature on abundances of W. barnesiae has
been debated in several studies as mentioned previously, the
Aruma Basin is a tropical location close to the Equator where
temperature fluctuations are likely to be small, even through a
generally cooling Late Cretaceous climate (see Sect. 1). This
is supported by the presence of characteristic tropical nan-
nofossil assemblages throughout the formation and the lack
of high-latitude taxa as discussed in Sect. 5.1. In contrast,
factors associated with the well-documented tectonically ac-
tive status of the basin (see Sect. 2) and the sea level change
as shown from the study data are more compelling (Fig. 7).
Watznaueria barnesiae has been linked to oligotrophic sur-
face water conditions by Roth and Bowdler (1981) based
on its low abundances in mid-Cretaceous palaeo-upwelling
locations, with many subsequent studies showing similar
trends (e.g. Erba et al., 1992; Williams and Bralower, 1995;
Fisher and Hay, 1999). This link is further supported by the
inverse correlation of W. barnesiae with high fertility indices
that has been widely recorded in different locations (e.g.
Roth, 1981; Roth and Bowdler, 1981; Erba, 1992, 2004; Erba
et al., 1992; Williams and Bralower, 1995; Fisher and Hay,
1999; Street and Bown, 2000).
The most widely used taxa with high surface water fer-
tility are Biscutum constans and Zeugrhabdotus erectus, an
association that was first noted by Roth (1981). The higher
nutrient preference of these taxa is supported by their co-
occurrence with other indicators of high fertility and their
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peaks in intervals of high surface water productivity during
the mid-Cretaceous (e.g. Erba, 1992; Mutterlose et al., 2005).
Lees et al. (2005) argued that discrepancies in the distribu-
tion of these species, and a potential lack of taxonomic re-
finement, could lead to erroneous palaeoenvironmental inter-
pretations. It is also suggested that B. constans is only abun-
dant in high latitudes during the Late Cretaceous when Z.
erectus remains generally rare in such locations (Thierstein,
1981; Lees, 2002). This is true for the study area as the rel-
ative abundance of these species is generally low (< 8 % for
Z. erectus; < 20 % for B. constans), but with elevated abun-
dances of both taxa during the low W. barnesiae intervals
(Fig. 7). Peaks of B. constans (10 %–20 %) are usually more
prominent and more frequent than those in Z. erectus (4 %–
6 %). This might reflect episodes of more mesotrophic than
eutrophic environments based on the findings of Erba (1992)
that noted an increased abundance of B. constans at lower
levels of fertility relative to Z. erectus. Peaks of Predis-
cosphaera have also been associated with increased surface
water productivity and mesotrophic conditions by several au-
thors (Eleson and Bralower, 2005; Hardas and Mutterlose,
2007). Discorhabdus ignotus is another high-fertility-related
taxon (Erba, 1992; Herrle, 2002; Herrle et al., 2003) that also
has major abundance peaks during the intervals of low Watz-
naueria barnesiae abundance (Fig. 7). Discorhabdus igno-
tus peaks (10 %–30 %) start just before any drop in the abun-
dance of Watznaueria barnesiae and prior to peaks of B. con-
stans and Z. erectus. High variation in the abundance of D.
ignotus might reflect relatively unstable trophic conditions
in the basin. There are intervals during which this species
rapidly fluctuates in abundance from 2 %–3 % to > 15 %.
Moreover, a prominent abundance increase in Corollithion
spp. – mainly represented by C. signum – coincides with
the decrease in Watznaueria barnesiae abundance (Fig. 7).
The onset of a peak in Corollithion is usually accompa-
nied or followed by a minor increase in Biscutum constans.
Peaks of Corollithion spp. are also associated with peaks
of Discorhabdus ignotus. Due to its marked abundance in-
crease from < 5 % to > 40 %, which is correlated with el-
evated abundance of other fertility-index taxa, Corollithion
spp. might also represent a potential fertility-related indica-
tor. It is also worth noting a relative abundance increase in
the nannolith species Micula staurophora (up to 15 %) prior
to peaks of C. signum, which further supports the potential
of this species as a proxy marker (see Lees et al., 2005).
Therefore, the trends of low W. barnesiae and the associ-
ated increased abundances of Biscutum constans, Zeugrhab-
dotus erectus, Discorhabdus ignotus, Corollithion signum
and Prediscosphaera cretacea might indicate episodes of in-
creased nutrient supply to the basin corresponding to inter-
vals of shallower shelf settings, which might in turn indicate
episodes of increased detrital input into the basin. Overall,
this study of the long-term calcareous nannofossil assem-
blage compositions within a basin subject to dynamic tec-
tonics and relative sea level change provides a useful “natu-
ral experiment” to test the sensitivity of nannofossil taxa to
external environmental drivers. Given the persistent tropical
palaeo-location of the study site, within a long-term green-
house climate state, we propose that most of these observed
changes represent responses to surface water nutrient status
and/or salinity and turbidity tolerances as shoreline proxim-
ity changes through time.
6 Conclusions
The calcareous nannofossil assemblages from the Late Cre-
taceous Aruma Basin are well-preserved, abundant and di-
verse, allowing for a detailed and improved taxonomic de-
scription of some poorly documented and/or described Cre-
taceous species and the identification of two new species.
Staurolithites, Chiastozygus and Eiffellithus, a significant
component of the formation, are described in detail and
their problematic taxonomy is discussed. A detailed de-
scription of other main groups encountered in the studied
section and the community change through time provided
valuable information for palaeoenvironment and biostratigra-
phy. The assemblages also provided valuable environmental
proxy data. Changes in the abundance of Biscutum constans,
Zeugrhabdotus erectus, Discorhabdus ignotus and Corol-
lithion signum in relation to Watznaueria barnesiae sug-
gested episodes of elevated productivity during the neritic-
dominated basin of the Campanian. With limited detailed
work published on nannofossil taxonomy and biostratigra-
phy from the Late Cretaceous sequences in the Middle East,
this study presents new data that can be integrated with fu-
ture work to improve our understanding of the assemblage
changes in this part of the Cretaceous oceans and to apply
and improve the global zonation schemes for this location
and time interval. The major assemblage changes and the in-
ception and extinction of nannofossil events can help to im-
prove the biostratigraphic dating and the understanding of
the palaeogeographic setting, sea level change and the basin
subsidence history when correlated with existing geological
data on the basin.
7 Systematic palaeontology
Two new heterococcolith species, Staurolithites ormae sp.
nov. and Chiastozygus fahudensis sp. nov., are discussed
here. The species description follows the guidelines of Young
et al. (1997) and the higher taxonomic classification is based
on Bown and Young (1997). This section is followed by a
species list for all taxa recorded in this study. Illustrations of
the species are presented in Plates 1–11.
Staurolithites ormae sp. nov.
Plate 4, figs. 9–16.
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Plate 1. Arkhangelskiales Arkhangelskiellaceae: Arkhangelskiella, Broinsonia Kamptneriaceae: Gartnerago, Kamptnerius.
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Plate 2. Eiffellithales Chiastozygaceae: Amphizygus, Gorkaea, Placozygus, Reinhardtites, Tranolithus, Zeugrhabdotus.
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Plate 3. Eiffellithales Chiastozygaceae: Zeugrhabdotus, Ahmuellerella, Bukrylithus, Staurolithites.
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Plate 4. Eiffellithales Chiastozygaceae: Staurolithites, Chiastozygus, Loxolithus.
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Plate 5. Eiffellithales Chiastozygaceae: Loxolithus Eiffellithaceae: Eiffellithus.
www.j-micropalaeontol.net//38/25/2019/ J. Micropalaeontology, 38, 25–54, 2019
44 Z. Al Rawahi and T. Dunkley Jones: Late Cretaceous nannofossils of Oman
Plate 6. Eiffellithales Eiffellithaceae: Eiffellithus, Helicolithus.
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Plate 7. Eiffellithales Eiffellithaceae: Tegumentum; Rhagodiscaceae: Rhagodiscus. Stephanolithiales Stephanolithiaceae: Corollithion,
Cylindralithus. Podorhabdales Axopodorhabdaceae: Cribrosphaerella, Tetrapodorhabdus; Biscutaceae: Biscutum, Discorhabdus; Cre-
tarhabdaceae: Cretarhabdus, Retecapsa.
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Plate 8. Podorhabdales Cretarhabdaceae: Grantarhabdus Prediscosphaeraceae: Prediscosphaera Tubodiscaceae: Manivitella; Watznaue-
riales Watznaueriaceae: Watznaueria; Syracosphaerales Calciosoleniaceae: Calciosolenia; heterococcoliths inc sedis placoliths inc sedis:
Prolatipatella; holococcoliths common genera: Calculites.
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Plate 9.Holococcoliths common genera: Calculites, Lucianorhabdus, Owenia. Rarer genera: Bifidalithus, Bilapillus, Munarinus, Octolithus,
Ottavianus, Russellia, Duocameratus, Nicholasia.
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Plate 10. Nannoliths Braarudosphaerales Braarudosphaeraceae: Braarudosphaera, Bukryaster, Hexalithus; Nannoconaceae: Nanno-
conus. Nannoliths inc sedis Microrhabdulaceae: Lithraphidites, Microrhabdulus Polycyclolithaceae: Eprolithus.
J. Micropalaeontology, 38, 25–54, 2019 www.j-micropalaeontol.net//38/25/2019/
Z. Al Rawahi and T. Dunkley Jones: Late Cretaceous nannofossils of Oman 49
Plate 11. Nannoliths inc sedis Polycyclolithaceae: Lithastrinus, Uniplanarius, Quadrum, Micula. Nannoliths inc sedis – other: Cera-
tolithoides, Marthasterites.
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Derivation of name
The name derivation is after the Al Arma Mountains (pro-
nounced as “Al Ormah”), where the type section of the
Aruma Group–Formation was first described; “Ormah” is
also the true Arabic pronunciation of Aruma.
Diagnosis
This is a small species (3.5–4.5 µm) of Staurolithites with
bright bicyclic rim. The central area is filled by a thick, bire-
fringent cross that is slightly offset from the axial position.
The cross and the bicyclic rim show very high birefringence
under the cross-polarised light microscope.
Differentiation
This new species is distinguished from other Staurolithites
species by its small size, high birefringence and complex
construction of the cross-bars that fills most of the central
area.
Holotype
Plate 4, fig. 9 (fig. 10 same specimen).
Holotype dimensions
L= 4.5 µm, W = 3.9 µm.
Paratype




UC12-13TP, late Santonian to early Campanian.
Occurrence
W-4, W-6, W-7, late Santonian to late Campanian
Chiastozygus fahudensis sp. nov.
Plate 4, figs. 39–41.
Derivation of name
The name derivation is after the Fahud oil field (W-4), from
which the species was first identified.
Diagnosis
This is a medium-sized (5–7 µm) species of Chiastozygus
with a simple unicyclic, indistinct rim and characteristic
bright cross with a rosette-shaped central feature.
Differentiation
This new species is distinguished from other Chiastozygus
species by its distinctive bright cross and the rosette-shaped
central feature.
Holotype
Plate 4, fig. 39 (fig. 40 same specimen).
Holotype dimensions
L= 6 µm, W = 4.6 µm.
Paratype






W-3, W-4, W-6, W-7, W-8; late Coniacian to late Campanian.
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